Epitaxial SrTiO 3 films were grown on GaAs ͑001͒ substrates without any buffer layers using laser molecular beam epitaxy technique. The reflection high-energy electron diffraction observations have revealed that a layer-by-layer growth of SrTiO 3 was achieved at optimized deposition conditions. The crystalline orientation of the as-grown SrTiO 3 ͑001͒ films rotates 45°in plane with respect to the GaAs substrates. Atomic force microscope studies show that these films possess atomically flat surfaces. The dielectric properties of the heterostructure were also investigated. Our results have clearly demonstrated the practicality of integrating perovskite oxide thin films with GaAs substrates.
I. INTRODUCTION
Integration of functional oxide thin films with semiconductors has attracted considerable attention in recent years.
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For instance, SrTiO 3 ͑STO͒ which is an incipient ferroelectric material having a large and variable dielectric constant, has been intensely studied for applications in tunable microwave devices. 3, 4 STO also possesses a cubic perovskite structure and has a lattice closely matched with a large number of functional perovskite materials. 5, 6 These characteristics thus make STO a suitable template for growth of high quality functional thin films. Recently, the epitaxial growth of STO on Si has been studied extensively. The integration of STO with Si has shown desirable interfacial structural and electronic properties. [7] [8] [9] Compared to Si, GaAs with a zincblende structure and a higher saturated electron mobility is the new generation semiconductor. 10 Transistors based on GaAs could function at much higher frequencies. Also, GaAs has a direct band gap. When combined with STO, it can offer superior optical and electronic properties. 11 Additional magneto-optical and electro-optical functionalities can also be incorporated through integration of magnetic and electrooptic oxides with the STO/GaAs heterostructure. In order to get low interface defect and better electronic property, high quality single-crystal film is required. Unfortunately, the successful epitaxial growth of STO thin film on GaAs is difficult due to structural incompatibility and interdiffusion between GaAs and STO. So far, epitaxial thin film of STO grown on GaAs has only been achieved via a complex molecular beam epitaxy with a submonolayer of titanium as buffer. 11, 12 In this work, we report on using a relatively simple and stoichiometric fabrication method, laser molecular beam epitaxy ͑LMBE͒, to fabricate high-quality single crystal STO thin films on GaAs without buffer layers. Studies of the microstructure and dielectric properties of these STO/GaAs heteroepitaxial structures are also presented.
II. EXPERIMENT
Thin films of STO were deposited directly on GaAs ͑001͒ substrates by LMBE. As the surface oxides can desorb at about 600°C, the GaAs wafer was first in situ heated up to 650°C in vacuum for 2 min to remove the native oxide layer. A single-crystalline STO target was ablated using a KrF excimer laser of 248 nm wavelength with an energy density of 6 J / cm 2 . The target was rotated during the deposition process to reduce nonuniform ablation. The substrate was placed parallel to the target at a distance of 6 cm. The growth rate of STO was about 0.03 nm/pulse. During the deposition, the chamber was evacuated to a base pressure of 5 ϫ 10 −5 Pa to avoid oxidation of the GaAs substrate; the substrate temperature was kept at about 600°C. The deposited films were then in situ annealed at 420°C in ambient of high oxygen pressure for a few hours before being cooled down to room temperature. This was to ensure oxygen stoichiometry in the STO films. A reflective high energy electron diffraction ͑RHEED͒ system with an incident energy of 30 kV and an incident angle of about 2.5°was used to monitor the film growth process. In order to study the dielectric properties of the STO/GaAs heterojunction, Pt spot electrodes with a diameter of about 0.2 mm were fabricated on the top. P-type GaAs was used as a bottom electrode in our study. The resistivity of used GaAs wafer was estimated to be 2 ϳ 6 ⍀ cm. Electrical properties of the STO films were investigated using a Hewlett Packard 4294A LCR meter.
III. RESULTS AND DISCUSSIONS
Figure 1 is the RHEED patterns showing the epitaxial features of the STO film grown on GaAs substrate. In comparison with GaAs zincblende structure crystal, the STO has a perovskite cubic structure at room temperature. Both GaAs ͑face-centered cubic a = 0.56 nm͒ and STO ͑primitive cubic Author to whom correspondence should be addressed. Electronic mail: apjhhao@polyu.edu.hk. a = 0.3905 nm͒ exhibit a cubic symmetry. Thus, the lattice mismatch between STO and GaAs is relatively large at about 31%. However, according to RHEED patterns in Fig. 1 , good epitaxial nature of STO film on a single crystal p-GaAs substrate could be observed. At the initial growth stage of GaAs film, the laser repetition was programmed to 1 Hz. The diffraction spots of GaAs representing ͑200͒ plane cluster in the RHEED pattern ͓seen in Fig. 1͑a͔͒ gradually disappeared ͓seen in Figs. 1͑b͒ and 1͑c͔͒ . Then two elongated bright spots emerged with a wider separation ͓seen in Fig. 1͑d͔͒ . According to the Bragg's diffraction law, epitaxial STO film starts to grow with an in-plane rotation. The spotty diffraction pattern in Fig. 1͑e͒ indicates that the interface at the first few atomic layers is not quite smooth. At subsequent growth the film thickness was increased. Conspicuous streaky diffraction patterns of the ͑001͒ plane of STO could be observed in Fig.  1͑f͒ . This suggests that the growth becomes a two dimensional layer-by-layer mode as the STO film thickens. During the whole growth process, no unidentifiable RHEED patterns were detected. Apparently no other unstable phases existed despite the complex stoichiometry of titanium oxide. We have performed comparative studies on the crystallinity of STO thin films with different deposition pressure, substrate temperature, and laser repetition rate. It seems that the quality of the STO thin films depends on the details of growth conditions, such as oxygen pressure, deposition rate, and substrate temperature. For example, the deposition temperature was found to be critical in obtaining single ͑100͒-oriented STO thin films. Deposition at below 550°C resulted in amorphous film; no RHEED and x-ray diffraction ͑XRD͒ pattern were observed. Growth at temperature above 690°C, however, layer-by-layer sublimation from GaAs was found. 13 XRD was employed to examine the in-plane and out-ofplane relationships between the STO thin film and GaAs substrate. Figure 2͑a͒ displays a typical x-ray -2 diffraction pattern of a 3000 Å thick STO layer on GaAs. Only diffraction peaks of STO ͑001͒ and ͑002͒ were observed. This suggests that the as-grown films are a single ͑001͒ phase oriented. Both STO and GaAs have cubic unit cells, and the lattice constant is a STO = 0.3905 nm and a GaAs = 0.565 nm, respectively. For STO ͑001͒ parallel to the ͑001͒ of GaAs, the lattice mismatch is ͉͑␣ STO − ␣ GaAs ͉ / ␣ GaAs ͒ ϫ 100% =31%. This value is considerably large for a good epitaxial film growth. However, the mismatch would be relatively small for a 45°in-plane rotation of STO with respect to GaAs, i.e., ͉͑ ͱ 2␣ STO − ␣ GaAs ͉ / ␣ GaAs ͒ ϫ 100% = 2.2%. The XRD 360°− scan results confirm the heteroepitaxial relationship between STO and GaAs. The 45°in-plane rotation between STO and GaAs is evident, as seen in Fig. 2͑b͒ . The interface strain induced by lattice mismatch is gradually relaxed as the film thickness increases. Calculations based on the parameters from Fig. 2͑a͒ yield lattice constants of 0.390 and 0.565 nm for the STO film and the GaAs substrate, respectively. Thus the STO film has a lattice parameter very close to the bulk material. Although the measurement is for out-of-plane lattice only, it nevertheless reflects that the strain of the STO film has relaxed at the film thickness. Rocking curve measurement of the STO film in the inset of Fig. 2͑a͒ showed a full width at half maximum ͑FWHM͒ value of 1.6°. This somewhat large FWHM value is the result of the degraded crystallinity of the STO thin films grown on lattice mismatched ͑100͒-oriented GaAs substrates via a 45°in-plane rotation.
As a potential template for integration functional perovskite oxide with GaAs, the surface morphology of the STO layer is of a major concern. We use atomic force microscopy ͑AFM͒ to study the surface of the STO/GaAs heterostructure. Figure 3 shows the surface morphology of STO films grown on GaAs. The as-grown film has very smooth surface 
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with a root-mean square roughness values of 0.84 nm. Such good surface smoothness is attributed to the result of layerby-layer growth mode shown in Fig. 1 . Figure 4 shows the variation of dielectric properties of the STO film as a function of frequency at room temperature. It is known that the bulk dielectric constant of STO was approximately 300. As shown in Fig. 4 , the experimental dielectric constant value of STO film was smaller compared to that of STO bulk and decreased at increased frequency. The dielectric loss of the film was less than 0.02 for all values of measured frequency. According to Figs. 1͑b͒ and 1͑c͒, an in-plane rotation of STO has occurred. This reduced dielectric constant at room temperature may be attributed to the effect of GaAs as the bottom electrode and/or charge dissipation at oxide/semiconductor interface. Similar result was found in other researchers' work.
14 Based on STO/GaAs heterostructure, ferroelectric BaTiO 3 films have been fabricated on GaAs using STO as a buffer layer. The microstructure and ferroelectric properties of this ferroelectric/ semiconductor heterostructure have been systematically studied. Details of those studies will be published elsewhere.
IV. CONCLUSIONS
In conclusion, epitaxial STO thin films have been successfully grown on GaAs substrates by LMBE. The in-plane orientation relationship with substrate is STO͓110͔ ʈ GaAs͓001͔. The surface morphology of films, as observed by AFM, was quite smooth. The dielectric characteristics of STO/GaAs heterojunction were also studied. 
